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The RAFM steels are being developed after the well established modified 9Cr-1Mo steel by replacing the 
highly residual-radioactive elements molybdenum and niobium respectively with the tungsten and tantalum 
having comparatively lower residual radioactivity. The steel is generally used in the normalized plus tempered 
condition and has a tempered martensitic microstructure. It derives its high temperature strength from the 
complex microstructures consisting of a high dislocation density, sub-boundaries decorated with M23C6 
carbides and (Ta,V)-carbides of MX type in the intragranular region [5-7]. International efforts to develop 
RAFM steel have focused on varying tungsten in the range 1 to 2 wt. % and tantalum in the range 0.02 to  0.18 
wt. [2,3,4]. Tungsten addition increases creep rupture strength but decreases toughness properties [5]. Tantalum 
in the RAFM steel plays an important role in lowering DBTT through its effect on prior-austenitic grain size 
refinement [6]. However, higher tantalum decreases the weldability [7]. The purpose of the present paper is to 
investigate the effect of W and Ta on creep behaviour of tempered martensitic 9Cr steels. 
2. Experimental  
Four heats of RAFM steel containing 1.0 wt. % tungsten with 0.06 wt. % tantalum, 1.4 wt. % tungsten with 
0.06 wt. % tantalum, 2 wt. % tungsten with 0.06 wt. % tantalum, and 1 wt. % tungsten with 0.14 wt. % 
tantalum have been melted.  Strict control has been exercised on the radioactive tramp elements (Mo, Nb, B, 
Cu, Ni, Al, Co, Ti) and on the elements that promote embrittlement (S, P, As, Sb, Sn, Zr, O). These elements 
have been restricted to ppm levels. The steels were produced by selection of proper raw materials and 
employing vacuum induction melting and vacuum arc refining melting routes with stringent control over 
the thermo-mechanical processing parameters during forging, rolling and heat treatments. These steels 
are designated as 1W-0.06Ta, 1.4W-0.06Ta, 2W-0.06Ta and 1W-0.14Ta respectively depending on the 
tungsten and tantalum contents. The chemical compositions of the steels are shown in Table 1. 
Table 1. Chemical composition (wt. %) of the steels 
Steel / Elements 1W-0.06Ta 1.4W - 0.06Ta 2W - 0.06T 1W - 0.14Ta 
Cr 9.07 9.03 8.99 9.13 
C 0.093 0.126 0.12 0.12 
Mn 0.56 0.56 0.65 057 
V 0.22 0.24 0.24 0.22 
W 1.01 1.38 2.06 0.94 
Ta 0.06 0.06 0.06 0.135 
N 0.02 0.03 0.02 0.033 
O 0.0046 0.002 0.0024 0.0041 
P 0.002 < 0.002 0.002 < 0.002 
S 0.002 <0.001 0.0014 0.0015 
B 0.0005 <0.0005 <0.0005 0.0005 
Ti < 0.005 <0.005 <0.005 < 0.005 
Nb 0.001 <0.001 <0.001 < 0.001 
Mo 0.002 <0.002 <0.002 < 0.002 
Ni 0.005 0.005 0.004 0.005 
Cu <0.001 0.002 0.002 0.002 
Al 0.004 0.0035 0.003 < 0.002 
Si 0.09 0.06 0.06 0.06 
Co <0.002 <0.005 0.005 < 0.005 
As+Sn+Sb <0.03 <0.004 <0.001 < 0.001 
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Creep tests were carried out in air at 823 K over a stress range of 180-260 MPa. Cylindrical creep specimens 
of 5 mm diameter and 50 mm gauge length were used. The temperature was maintained within ± 2 K during 
the tests.  The creep elongation was recorded continuously by an extensometer with digimatic dial indicator and 
a data logger system. 
3. Results and discussion 
3.1. Creep properties 
Effects of tungsten and tantalum on creep rupture strength and ductility of the RAFM steel are shown in 
Figs.1 (a) and (b) respectively. The addition of tungsten shifts the stress vs. rupture time curves to higher stress 
levels and the shift increases with longer rupture time. The increased strength with tungsten was accompanied 
with an increasing tendency of creep rupture ductility. The increase in tantalum content from 0.06 to 0.14 wt.% 
in the steel containing 1 wt.% tungsten was found to decrease the creep rupture strength of the steel and the 
strength reduction was accompanied with the decreasing tendency of creep rupture ductility. The effects of 
tungsten and tantalum on creep strain accumulation and creep strain rate with creep exposure are shown in 
Fig.2 (a) and (b) respectively. The creep curves consist of a primary region, where the creep rate decreases with 
time, and of a tertiary region, where the creep rate increases with time after reaching a minimum creep rate. 
The minimum creep rate of the material decreased with the increase in tungsten content. In the initial stage of 
transient regime for up to 10 hours, the creep rates are almost closely ordered among the steels with increasing 
tungsten level. The onset of tertiary stage of creep deformation in the material was found to delay with the 
increase in tungsten content. In the high tungsten steel i.e. 2W-0.06Ta, a slight deviation in creep rate 
behaviour is observed above 100 hrs. This delays the onset of tertiary creep. This change in creep rate 
behaviour has been attributed to underlying mechanism of microstructural evolution. Similar observation 
in literature has been reported for 9Cr–2W and 9Cr–4W steels at 923 K. Precipitation of Fe2W Laves 
phase was observed which causes the longer duration of transient creep and the retardation of the onset 
of acceleration creep, resulting in lower minimum creep rate[8].  
On the contrary, the increase in tantalum content increased the creep rate and accelerated the onset of 
tertiary stage of creep deformation. The specimen rupture results from a localized deformation due to necking 
in all the samples. The reduction of area was very large in the range of 85 – 90%.  
 
Fig. 1. Variations in (a) creep rupture strength and (b) creep rupture ductility of the  
steels with creep rupture life, effects of tungsten and tantalum. 
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Fig. 2. Variations in (a) creep strain and (b) creep strain rate of the steels with creep  
exposure, effect of tungsten and tantalum. 
Figure 3 shows the relationship between the time to rupture and minimum creep rate, where all the data in 
figure 1 are included. The time to rupture tr is inversely proportional to the minimum creep rate ۃmin as 
tr = 0.053/ ۃmin    (1) 
This is also referred to as the Monkman-Grant relationship. Thus, the minimum creep rate is an important 
factor correlating with the time to rupture and, hence, with the creep rupture strength of the steels. 
 
 
Fig. 3. Relationship between time to rupture and minimum creep rate for the steels tested at 823 K. 
The stress dependence of the minimum creep rate was described by a power law as 
ۃmin = Aσn   (2) 
where A is a constant and n the stress exponent. The value of n is an index of creep deformation mechanism. 
Figure 4 shows the double logarithmic plot of minimum creep rate vs. stress. The stress exponent n varies as 
19, 18 and 25 for 9Cr-1W-0.06Ta, 9Cr-1.4W-0.06Ta and 9Cr-2W-0.06Ta respectively and for higher tantalum 
content 9Cr-1W-0.14Ta steel the value of n is 18. In pure metals, generally the values of stress exponent ‘n’ 
lies between 4-5 over a wide range of applied stress [9]. Higher values of stress exponent have also been 
reported for other ferritic martensitic steels [10-12] and have been attributed to complex alloy structure. 
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Fig. 4. Stress dependence of minimum creep rate for the steels tested at 823 K. 
The RAFM steel with higher tungsten content and 0.06 wt.% tantalum steel seems to be better choice from 
creep properties point of view. Tantalum is added to the RAFM steels to restrict the austenite grain growth 
during normalization through the pinning effect of undissolved primary TaC precipitate. However, the coarser 
primary TaC are less effective in imparting creep strength than the fine secondary VC carbides which 
precipitate during tempering and subsequently on creep exposure. Higher tantalum content in 9Cr-1W-0.14Ta 
than in the 9Cr-1W-0.06Ta steel reduces the creep rupture strength, as observed (Fig. 1a). It could be due to the 
reduction in the content of secondary precipitate since larger amount of carbon would be locked as primary 
TaC in steel having higher tantalum content. Reduction in creep rupture strength in a 9Cr-2W-VTa steel with 
the increase in tantalum content from 0.05 Wt.% to 0.16 Wt. % has been reported by Asakura et al. [13]. This 
has been attributed to the smaller amount of fine precipitates having larger inter-particle spacing with the 
increase in tantalum content. Tungsten improves the creep strength but higher tungsten content increases the 
tendency of formation of laves phases during creep. It has been reported that increasing tungsten upto 3 wt. % 
increases the creep rupture strength linearly. Tungsten improves the creep strength by decreasing the self 
diffusion rate of Fe and improving the stability of M23C6 carbides. It retards the coarsening rate of M23C6 
carbides and lath subgrains and hence, enhances the precipitation hardening and sub-boundary hardening 
[8,12]. 
4. Conclusions 
• Creep rupture strength of the steel increased significantly with the increase in tungsten content and 
decreased with increase in tantalum content. 
• The creep deformation behaviour of the RAFM steel was characterized by a longer tertiary stage after 
attaining the minimum creep rate. 
• The stress dependence of minimum creep rate obeyed Norton’s power law with high value of stress 
exponent ‘n’. 
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